HLA-DO (DO) is a nonclassic class II heterodimer that inhibits the action of the class II peptide exchange catalyst, HLA-DM (DM), and influences DM localization within late endosomes and exosomes. In addition, DM acts as a chaperone for DO and is required for its egress from the endoplasmic reticulum (ER). These reciprocal functions are based on direct DO/DM binding, but the topology of DO/DM complexes is not known, in part, because of technical limitations stemming from DO instability. We generated two variants of recombinant soluble DO with increased stability [zippered DOαP11A (szDOv) and chimeric sDO-Fc] and confirmed their conformational integrity and ability to inhibit DM. Notably, we found that our constructs, as well as wild-type sDO, are inhibitory in the full pH range where DM is active (4.7 to ∼6.0). To probe the nature of DO/DM complexes, we used intermolecular fluorescence resonance energy transfer (FRET) and mutagenesis and identified a lateral surface spanning the α1 and α2 domains of szDO as the apparent binding site for sDM. We also analyzed several sDM mutants for binding to szDOv and susceptibility to DO inhibition. Results of these assays identified a region of DM important for interaction with DO. Collectively, our data define a putative binding surface and an overall orientation of the szDOv/ sDM complex and have implications for the mechanism of DO inhibition of DM.
HLA-DO (DO) is a nonclassic class II heterodimer that inhibits the action of the class II peptide exchange catalyst, HLA-DM (DM), and influences DM localization within late endosomes and exosomes. In addition, DM acts as a chaperone for DO and is required for its egress from the endoplasmic reticulum (ER). These reciprocal functions are based on direct DO/DM binding, but the topology of DO/DM complexes is not known, in part, because of technical limitations stemming from DO instability. We generated two variants of recombinant soluble DO with increased stability [zippered DOαP11A (szDOv) and chimeric sDO-Fc] and confirmed their conformational integrity and ability to inhibit DM. Notably, we found that our constructs, as well as wild-type sDO, are inhibitory in the full pH range where DM is active (4.7 to ∼6.0). To probe the nature of DO/DM complexes, we used intermolecular fluorescence resonance energy transfer (FRET) and mutagenesis and identified a lateral surface spanning the α1 and α2 domains of szDO as the apparent binding site for sDM. We also analyzed several sDM mutants for binding to szDOv and susceptibility to DO inhibition. Results of these assays identified a region of DM important for interaction with DO. Collectively, our data define a putative binding surface and an overall orientation of the szDOv/ sDM complex and have implications for the mechanism of DO inhibition of DM.
antigen processing | antigen presentation | MHC class II M ajor histocompatibility complex (MHC) class II molecules present peptides on the antigen-presenting cell (APC) surface to sensitize CD4 + lymphocytes. The class II presentation pathway is well-characterized and includes roles for three accessory molecules: invariant chain (Ii), HLA-DM (DM), and HLA-DO (DO) (1) . Newly synthesized MHC class II molecules bind to Ii in the ER. A trafficking signal in the cytoplasmic domain of invariant chain directs the complex to late endosomal compartments (2, 3) , called MIIC (MHC II containing compartments). The invariant chain (Ii) is proteolytically degraded in this low-pH environment, leaving a nested set of invariant chain fragments, CLIPs (class II-associated invariant chain peptides), in the class II peptide-binding groove (4) . CLIP is ultimately exchanged for antigenic peptides by DM, a nonclassic MHC class II molecule, which further influences peptide selection in a process termed "peptide editing" (5) (6) (7) (8) (9) (10) . DM also stabilizes empty MHC class II to maintain a peptide receptive structure; otherwise, empty MHC class II proteins become peptide averse (11) .
DO, another nonclassic MHC class II αβ heterodimer, first was described as an inhibitor of DM function, because overexpression of DO in human cells increased levels of CLIP-bound class II molecules (12, 13) . In vitro evidence most often corroborated the view of DO as a negative modulator of DM (12, 14) . Results suggesting that DO inhibition of DM is robust at early endosomal pH (6.0-6.5) and attenuated at the lower pH (4.5-5.0) of late endosomal/lysosomal MHC II containing compartments (MIICs) (14) raised the possibility that DO modifies DM-mediated peptide exchange by limiting the location of fully functional DM. This idea was consistent with evidence that DO decreased presentation of antigens taken up by fluid-phase endocytosis and enhanced BCR-mediated antigen presentation (14) . DO does not unequivocally facilitate antigen presentation by all BCRs, however (15) .
DO has been reported to have several functions. It mediates redistribution of DM from internal vesicles to the limiting membrane of multivesicular bodies (16) and contributes to reduced DM sorting to exosomes (17) . Constitutive overexpression of DO in dendritic cells blocks disease in the nonobese diabetic (NOD) mouse model of type 1 diabetes (18) . Finally, DO expression in murine B cells limits their participation in the germinal center reaction through effects on antigen presentation (19) . However, the full physiological function of DO is still unclear.
In human B lymphocytes, the majority of DO is in complex with DM. DO/DM complexes are capable of egress from the ER (12, (20) (21) (22) , whereas DO alone is not (23) , most likely because of improper folding (24) . DO instability has made functional, structural, and biochemical studies difficult. However, Thibodeau and coworkers found a point mutation (DOαP11V) that allows DO to independently egress the ER (23) ; this mutation is in a sequence stretch predicted by homology to influence α/β pairing. Mutation of DOαP11 allows expression in insect cells of more stable, secreted DO molecules for biochemical studies. We characterized the behavior of these molecules in DM inhibition assays, and we used in vitro fluorescence resonance energy transfer (FRET) assays and mutagenesis to study DO/DM binding orientation. Our findings have implications for the role and mechanism of action of DO.
Results
Production and Characterization of Recombinant Soluble DO. Using S2 insect cells, we expressed the luminal domains of DOα and DOβ, with additions of an αP11A mutation and C-terminal complimentary leucine zippers for increased stability, and epitope tags for purification ( Fig. S1 A and B) . The final yield was 0.5-1.0 mg/L insect cell supernatant, similar to MHC class II proteins such as DQ or I-A (Fig. S1C) . Purified recombinant soluble, modified DO (hereafter "szDOv") contained a single glycan at position DOα79N (Fig. S1 D-F) . To test whether szDOv protein was functional, we measured its capacity to inhibit sDM in endpoint class II peptide-loading assays. szDOv inhibited peptide exchange by sDM in a concentration-dependent manner, whereas two control proteins, IgG Fab (fragment antigen-binding region) and BSA, did not (Fig. 1A) . The functionality of szDOv molecules and their conformational integrity (confirmed by precipitation with a conformation sensitive mAb; see Fig. 3B ) supported their use in further studies. We also used S2 insect cells to prepare sDO-Fc, with the DOα and -β C termini fused to human IgG 1 Fc (crystallizable fragment) domains for stabilization, as described previously (14) . DO was also expressed with DM in insect cells, and preformed DO/DM complex was purified from supernatants. The DO/DM complex was very stable, with slow dissociation over months at 4°C (Fig.  S1G) . Following dissociation from DO, DM regained full activity in peptide association assays (Fig. S1H ).
Soluble DO: pH-Independent Inhibition. It has been reported that the inhibition of DM by sDO-Fc is strikingly pH-dependent, with little or no inhibition at pH < 5.5 (14) . Differently from this, we found that szDOv inhibits DM function across a pH range of 4.7-6.0 (Fig. 1B) . At pH 7.0, DM peptide-loading activity was too low to evaluate inhibition, as expected based on prior data showing pH 4.5-6.0 as an optimal pH range for DM catalytic function (14, 21) . The lack of pH dependence of DO activity potentially could have been attributable to the introduction of the αP11A mutation or the leucine zipper (Fig. S1A) . To test this, we used sDO/sDM in complex or sDO-Fc (both without the αP11A mutation) and measured DM inhibition at pH 4.5-7.0. We used fluorescence polarization (FP) for real-time measurement of peptide/DR association. DO inhibition of sDM was effective at pH 4.5-6.0 using sDO-Fc (Fig. 1C) . To verify that DO was acting on DM, and not inhibiting DR/ peptide association directly, we allowed the reactions in Fig. 1C to come to equilibrium, because the catalytic action of DM influences the kinetics of DR/peptide interaction but not the equilibrium. At 5 d, all reactions had levels of DR1/peptide similar to that of sDR1 and peptide alone (Fig. 1D) . Thus, DO molecules reduce the levels of complex in the shorter time frame by affecting DM catalytic action. We also studied preformed sDO/sDM complex over the same pH range (Fig. 1C) . No increase in DM activity was observed for sDO/sDM at acidic pHs; DO inhibited DM completely whether DO was added to sDM at the beginning of the experiment or as preformed sDO/sDM. Additionally, pH does not affect the stability of preformed DO/DM complex, because complex integrity was unchanged following 4 d at pH 5 and 7 (Fig. S1F) . Taken together, our data indicate that sDO (with or without the αP11A mutation and with or without Fc and leucine zipper) inhibits DM function in a pH-independent manner.
Side-by-Side Orientation of DO/DM Complex Revealed by FRET. It has been proposed that DOαE41 and a region C terminal to DOα80 are key to DO/DM interaction (23); however, the overall structure of DO/DM complex is not well defined. We used in vitro intermolecular FRET to elucidate the binding orientation of DM and DO. FRET relies on the transfer of energy from a donor molecule (dye or fluorophore) to an acceptor molecule (dye or fluorophore); the absorption spectrum of the acceptor must overlap the fluorescence emission spectrum of the donor. The energy transfer reduces the fluorescence intensity and excited state lifetime of the donor molecule and increases the emission intensity of the acceptor molecule. The efficiency of the process depends on the inverse sixth-distance between donor and acceptor. By measuring FRET between donor fluorophores introduced at different sites on DO and an acceptor fluorophore on DM, we were able to obtain information on the relative orientation of DO and DM in the complex.
To choose sites to introduce cysteines for dye labeling, we first modeled the DO structure, using the sDR1 structure (25) as a template in the alignment mode of SWISS-MODEL ( Fig. 2A) . We identified solvent-exposed residues to minimize the effects of cysteine introduction and dye labeling on the tertiary structure of szDOv. We generated four szDOv mutants, each with a free cysteine (αA62C, αR80C, αE131C, and βS63C), and labeled them with maleimide-Cy3 as fluorescence donors ( Fig. 2A, Left) . The mutations are distributed over szDOv, allowing assessment of multiple regions of the molecule. Recombinant sDM has a single free cysteine at DMβ46, the mutation of which does not reduce DM function in peptide loading (26) . This residue is likely to be close to both DR-and DO-binding surfaces, because an aberrant N-glycan at DMβN108, near sDMβC46 ( Fig. 2A , Right), interferes with DM/DR and DO/DM interactions (26) . Therefore, we labeled DMβC46 with maleimide-Cy5, a fluorescence acceptor. The calculated dye/protein ratios for sDM and szDOv mutants (based on the UV visible spectrum) were in the range of 0.90-0.95 dye/protein. To determine whether dye labeling disrupted DO function, we measured DM inhibition by Cy3-labeled szDOv mutants in peptide-loading assays. The labeled DO mutants exhibit concentration-dependent inhibition of DM comparable with that observed with szDOv (Fig. S2A) . We also examined the apparent dissociation constants of unlabeled szDOv and Cy3-labeled (αE131C) szDOv with sDM using the Octet biosensor system (details in SI Materials and Methods). The binding between Cy3-labeled DO and sDM (K D ≤ 5.00 nM) was of comparable strength to that between unlabeled szDOv and sDM (K D ∼3.72 nM) (Fig. 2B) . A total of 99% of donor dye-labeled DO molecules (100-300 nM) would theoretically be engaged in DO/DM complexes under conditions of 5× excess of acceptor dye-labeled DM molecules (500-1,500 nM). Taken together, these results showed that the Cy3-labeled DO mutants were suitable for in vitro FRET experiments. Fluorescence emission spectra were acquired at 25°C, with excitation at 500 nm and a 550-nm emission long-pass filter. Donor only samples (Cy3-szDOv) and an acceptor only sample (Cy5-sDM) present distinct emission maxima at 570 and 670 nm, respectively. We used a donor quenching approach, with transfer of energy from donor to acceptor reducing intensity in the donor fluorescence signal monitored at the emission maximum. Thus, donor emission decreases with increasing FRET, with the FRET efficiency differing, depending on the distance between donor (Cy3) and acceptor (Cy5).
Shown in Fig. 2C are the fluorescence emission spectra of DO/ DM complexes with DO labeled at αR80C, αE131C, and βS63C. FRET efficiency appeared greatest when the donor was located at αE131C (at 10× Cy5-sDM: ∼0.44) and least when the donor was located at αR80C (at 10× Cy5-sDM: ∼0.17). In the fluorescence emission spectra of αA62C, unlike the others, donor fluorescence intensities are not proportionally decreased with increased acceptor fluorescence intensity. With the αA62C donor, acceptor fluorescence intensity at 2× Cy5-sDM (Fig. 2C , green) looks comparable with that of the αE131C donor at 10× Cy5-sDM (Fig. 2C, gray) . However, donor intensity of αA62C is reduced by <50% of the reduction in intensity of αE131C, suggesting that αA62C gives anomalous FRET (see Discussion), and, therefore, αA62C results are excluded from distance analysis. Nonspecific FRET (either MHC class I-Cy5/sDM-Cy3 or MHC class I-Cy5/szDOv-Cy3) occurred at <10% of DO/DM FRET under the same conditions (Fig. S2B ), arguing that DO/ DM FRET results derive from the specific interaction between DO and DM.
In Fig. 2D , FRET efficiencies of the three informative donors are plotted as a function of fold excess of acceptor (Cy5-sDM). FRET efficiencies increased with increasing acceptor concentrations and started to saturate at 5× excess concentration of acceptor, as expected from dissociation constants. FRET efficiencies were measured in the presence of up to 10× excess acceptor, and distances (R) are derived from:
, where R 0 = 53 Å (for Cy3/Cy5). Collectively, the FRET results suggest that the lateral surface containing szDOvαE131C is in close proximity to sDM in the DO/DM complex.
Aberrant Glycan at DOα128 Interrupts DO/DM Interaction. To test the region around αE131C for interaction with DM, we introduced an aberrant N-glycan at szDOvα128 (Fig. 3A, mutant  T128N ). Glycan addition was confirmed by reduced α-chain mobility on SDS/PAGE ( Fig. S1I and Fig. 3B ). The intact overall structural integrity of the szDOvαT128N mutant was indicated by its recognition by a conformation-sensitive anti-DO mAb, Mags.DO5 (24) , in immunoprecipitation assays (Fig. 3B) . Inhibition of sDM by the szDOvαT128N mutant is significantly reduced in peptide-loading assays (Fig. 3C ). Consistent with this result, the apparent K D between sDM and szDOvαT128N is >20× higher than that of szDOv, based on equilibrium binding analysis (Fig. 3D) . Thus, both FRET data and mutational analyses argue that the surface of szDOv containing residues αT128 and αE131 is oriented toward DM in the szDOv/sDM complex.
We also examined the effect of removing the N-glycan at DOαN79, using mutant szDOvαS81A (Fig. S1I ). Immunoprecipitation of szDOvαS81A protein by Mags.DO5 (Fig. 3B ) indicated its overall structural integrity. However, size-exclusion chromatography showed the protein was highly aggregated ( Fig. S1J) , suggesting an essential role of the glycan in preventing aggregation.
Electrostatic Interaction in the DO/DM Complex. In the DO structural model, the lateral surface we identified as the putative DMbinding region on DO includes an exposed loop with several charged residues in the α1 domain. DOαE41, located on this loop, was previously reported as important for DM binding, ER egress, and DO activity (23) . In addition, the side chains of two DO DM , where R 0 represents 53 Å (for Cy3/Cy5). Data from one of two experiments with similar results are shown.
lysines (DOα K38,K39) near the DOαE41 residue are predicted (in the DO model) to be solvent accessible and in the plane of the putative DM-binding face of DO (Fig. 3A) . To evaluate the effect of these charged residues on szDOv/sDM interaction, we made a szDOvαE41K mutant, as well as two double mutants: szDOvαK38,39A and szDOvαK38,39D. These mutant molecules were conformationally intact, based on recognition by Mags. DO5 antibody (Fig. 3E ). In comparison with szDOv, two of three mutants were less capable of inhibiting sDM in peptide-loading assays (Fig. 3F) . szDOvαK38,39D is more defective than szDOvαK38,39A, with comparable function with szDOvαE41K in this assay. These findings argue that a lysine from αK38,K39 and the glutamic acid αE41 are among the residues involved in electrostatic interactions between szDOv and sDM and further implicate this region in szDOv binding to sDM.
Effect of Mutations in the DMβ2 Domain on Interaction with DO.
Previously, we showed that full-length DMβR110S, which has an aberrant N-glycan at DMβN108, substantially reduces both DM/DR and DO/DM complex formation in human B cells (26) . We, therefore, tested formation of szDOv/sDM complexes with soluble DM carrying this mutation (sDMβR110S). The ability of szDOv to inhibit peptide exchange by sDMβR110S could not be measured, as functional interaction with class II is severely compromised by this DM mutation (Fig. S2C) . We measured direct binding between sDMβR110S and szDOv, using the Octet. The binding of wild-type sDM (sDMwt) to immobilized szDOv exhibits fast association and slow dissociation, whereas sDMβR110S associates more slowly and dissociates quickly (Fig. 4A) , showing that the added glycan interferes directly or indirectly with szDOv/sDM interaction. Equilibrium binding analysis showed a reduction in the apparent K D of interaction between sDMβR110S and szDOv compared with sDMwt (Fig. 4B) .
We interrogated other residues in the DMβ2 domain by making additional mutations. We found that the DO inhibition capacity of sDMβH141A,S142A is significantly reduced (Fig.  4C) , and the apparent K D of binding to DO is modestly reduced (Fig. 4B) . We also tested mutant sDMβE177N,I179T, which has an aberrant N-glycan at DMβ177 (Fig. S2D) . This mutation did not affect the capacity of the mutant protein to be inhibited by DO (Fig. 4C) or to bind to DO (Fig. 4B) , implying it is located outside the DO-binding site on DM. Our data suggest that the szDOv-binding surface on sDM includes the area around DMβN108 (the N-glycan location in sDMβR110S) and is influenced by the double mutation DMβH141,S142 but does not extend to sDMβE177,I179. We tested several other DM mutants located on the putative DO-binding surface and, consistent with Fig. 4 data, those show reduced interaction with DO, whereas mutants located farther from the putative DM/DO interaction surface interact well with DO (Table S1 ). Based on all our data, we propose an orientation of szDOv/sDM complex with the overall topology shown in Fig. 4D . Discussion DO, a nonclassic MHC class II molecule, is involved in the antigen presentation pathway as a modulator of DM (12, 13) . Although data show that DO can inhibit peptide exchange catalyzed by DM, the physiological role of DO remains unknown. More detailed structural and biochemical information is likely to lead to better understanding of DO function. However, study of DO has been hindered by the instability of soluble forms of this protein. Here, we introduced a mutation at DOαP11 (P→A) that closely resembles a variant (P→V) first described by Thibodeau and coworkers (23) . Removal of the proline at the DOα11 position facilitates production of more stable, recombinant, soluble DO molecules that inhibit DM in class II peptideloading assays.
Our FRET results constrain possible orientations of DO/DM complex, and the one most consistent with the FRET data positions the lateral surface containing DOαE131 toward DM. This putative DM-binding surface on DO also is consistent with our mutagenesis results (introduction of an aberrant N-glycan at DOα128 and mutation of several charged residues in the α1 domain). Corroborating our findings, Thibodeau and coworkers reported that chimeric DO/DR molecules implicate DOα in interaction with DM, and they also identified DOα41 as a critical residue (23) . Our data from functional assays and in vitro binding measurements of DMβ mutants suggest that a lateral face of DM (between DMβ108 and DMβ141,142) contributes to or influences the binding surface for DO.
Our overall DO/DM orientation model provides possible explanations for the anomalous FRET at αA62C. According to our model, αA62C-Cy3 is located near the interface between DO/DM. This could lead to anomalous Cy3 fluorescence enhancement or could restrict motion of the Cy3 molecule. Anomalous Cy3 fluorescence occurs when the environment surrounding the protein bound Cy3 dye becomes hydrophobic, because the fluorescence quantum yield (Φ) of Cy3 is dramatically increased with increasing viscosity (27, 28) . Thus, the diminished reduction in donor fluorescence intensity of αA62C-Cy3 compared with αE131C-Cy3, despite the comparable acceptor intensities of the two Cy3 probes at 2× and 10× sDM-Cy5, respectively, could reflect an increase in fluorescence quantum yield of αA62C-Cy3 in the presence of sDM. Alternatively, restricted molecular motion of the Cy3 at αA62C in the presence of sDM could induce the failure of the ideal dipole approximation, which is implicit in the Förster Eq. (29) . In either case, DM itself or a conformational change in DO induced by DM influences the environment of DOαA62. Using Mags.DO5 antibody, Thibodeau and coworkers have shown that full-length DM influences the conformation of full-length DO in cells (24) . The Mags.DO5 epitope is located on the DOβ chain, whereas our data suggest DM-mediated effects on DOα. The DM-mediated conformational changes in DO, including the effect on the environment of αA62 in szDOv, likely contribute to the DM chaperoning known to be required for efficient ER egress of wt DO (23) . Data from Karlsson and coworkers showed pH-dependence in DO inhibition of DM: DO efficiently blocked the peptide-editing function of DM at mild acidic pH (5.5-6.5) but not at lower pH (4.5-5.0) (14) . This in vitro observation, along with several results from the H2-DO-deficient mouse (14) , supported a hypothesis in which DO limits the pH range of DM function and, thereby, favors presentation of B-cell receptor (BCR)-bound antigen compared with antigen taken up by fluid-phase endocytosis. In contrast to previous results using recombinant DO, we find that several forms of recombinant, soluble DO molecules (szDOv, sDO-Fc, and sDO) inhibit peptide exchange by DM throughout the range of pH 4.5 to ∼6.0. As a consequence, DO would be expected to inhibit DM function deep into the endocytic pathway. Consistent with our findings, Denzin et al. also reported pH-independent DO inhibition with full-length DO/ DM (30) . A second group also observed DO inhibition of DM at pH 4.5-6.0, using DO/DM complexes from MelJuso cells (21). However, they used the term "pH-dependent" to emphasize relatively strong inhibition at pH 6 after 24 h of incubation. It is possible that the DO/DM complexes in their experiment became unstable at pH 4.5 to ∼5.0 after 24 h of incubation and that partial dissociation of DO improved DM activity under these conditions. This possibility would be consistent with our own observation that, upon prolonged storage of sDO/sDM complexes, we observed recovery of some DM activity, presumably from free DM (Fig. S1H) .
MHC class II molecules and DO share conserved N-glycan motifs that differ from DM (Fig. S3) . The N-glycans on class II are thought to play a role in proper folding of nascent molecules (31), in protease resistance (32) , in facilitating optimal receptor geometry for APC/T-cell communication (33) , and, most recently, in presentation of particular carbohydrate antigens (34) . We found that the α1 domain N-glycan at szDOvαN79, near α-chain/β-chain interface and homologous to αN78 in conventional MHC class II, influences the aggregation state of the molecule (Fig. S1J) . The homologous region of DM, which naturally lacks this N-glycan, has been implicated in interaction with MHC class II by mutagenesis (26) . Compared with conventional class II and DO, DM has a unique N-glycan at DMβN92, located on the opposite side of the protein, near its α/β interface (35) . This DM surface also might be prone to protein/ protein interaction were it not inhibited by the presence of the glycan. Indeed, our data suggest that the homologous surfaces on MHC class II (36) and szDOv, which lack this N-glycan, are used for DM binding.
In our predicted overall orientation of szDOv/sDM complex, the binding surface for szDOv on sDM at least partially shares the DR-binding surface on DM strongly suggested by prior work (26, 37) . Using mutant molecules for analysis, including FRET analysis after dye addition, introduces uncertainty into both the DM/DR and the DM/DO docking models. We cannot rule out subtle differences in the topology of these complexes; altering the region around DMβ141,142 confers some resistance to DO inhibition but has not been implicated in DR interaction. . Mutant residues from all experiments are indicated, with the exception of DOαS81A, which was too aggregated for study. Color code is as follows: red for residues labeled by dye addition for FRET (DO αA62, αR80, αE131, and βS63; *FRET analysis places DOαA62 closest to DM); and brown for residues altered for mutational analysis. Note: αT128N leads to glycan at αN128. βR110S leads to glycan at βN108. βE177N, I179T leads to glycan at βN177. Large font indicates residues providing data for proposed topology of the DO/DM complex; small font indicates residues that did not influence DO/DM interaction.
Similarly, the carbohydrate adduct in mutant R110S may be mobile enough to influence contiguous, but nonidentical, sites. Nonetheless, given the strong sequence homology between DO and DR (38, 39) , the most parsimonious interpretation would be that a similar, if not identical, site on DM is used to bind DO and DR and that szDOv might directly interfere with the DR/DM interaction to inhibit DM function. In EBV-transformed human B-cell lines expressing mutant DMβ R110S (aberrant N-glycan at β108), levels of coimmunoprecipitated DO/DM complexes are reduced (26) . Consistent with this observation, sDMβR110S has reduced apparent affinity for szDOv, arguing for similarity between the szDOv/sDM interaction and the interaction of full-length DO and DM molecules in cells. In contrast, two groups have reported a triple complex (DR/DM/DO) coimmunoprecipitated from cell lines, implying different DM-binding surfaces for DR and DO (20, 23) . The discrepancy between these data and the possibility that DO and DR share a binding site may indicate that higher-order complexes combining DR/DM and DO/DM are formed in cells, perhaps with contributions from other proteins. Alternatively, there may be differences between recombinant soluble proteins and full-length proteins containing transmembrane and cytoplasmic domains. These domains may mediate intermolecular interaction between DM and DO, as shown for other membrane proteins (40) . If so, these interactions influence the orientations of the intraluminal domains of full-length molecules, which may differ to some degree from the model we present here and allow triple complexes. The availability of recombinant forms of DO that can be produced efficiently should accelerate the progress in structural and kinetic studies of DO and DO/DM complexes to test our model further.
Materials and Methods
Recombinant soluble DM expression and purification was performed as described (41) . Cloning, expression, and purification of recombinant soluble DO is described in SI Materials and Methods.
All other experimental methods are also described in SI Materials and Methods.
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SI Materials and Methods
Cloning and Expression of Soluble Recombinant HLA-DO and HLA-DM.
We received sDOα and sDOβ DNA in pRmHa3 vector as generous gifts from Thibodeau (University of Montreal, Montreal, Canada). To make a stable dimeric form, the point mutation P11A was introduced into the α-chain, and acid and base leucine zipper sequences were incorporated into the α and β sequences, respectively. (GGGS) 2 linker and C3 protease cleavage site sequences were placed between sDOα or -β and leucine zipper sequences. Similar constructs without the zippers (sDOv) were also made. For purification, His 6 or FLAG epitope tag sequences were placed at the end of the α− and β-chains, respectively, in both zippered and nonzippered constructs (see Fig. S1 A and D). Vectors were sequenced at Stanford Protein and Nucleic Acid Facility. Schneider-2 Drosophila melanogaster cells were transfected with 9.75 μg of both α and β constructs, together with 0.5 μg of pUChs-Neo vector for selection, by Ca 3 (PO 4 ) 2 precipitation. For generation of szDO/sDM complexes, Schneider-2 Drosophila melanogaster cells were transfected with a mixture of five plasmids [4.875 μg of both α and β constructs for szDO (without P11A mutation); 4.875 μg of both α and β constructs for sDM and 0.5 μg of pUChs-Neo plasmid for selection]. Neomycin-resistant cells were selected using 1.5 μg/ mL Geneticin (Invitrogen) in complete Schneider Drosophila medium (Invitrogen) including 10% (vol/vol) FBS and 2 mM Lglutamine. After 3-4-wk selection, stable cells were adapted to serum-free medium (BaculoGold; Pharmingen) plus 2 mM Lglutamine. At cell densities of about 8 to ∼10 million/mL, protein expression was induced with 1 mM CuSO 4 (final concentration), and cells were grown in a shaker flask for 7 d. The supernatants were collected to harvest the secreted recombinant protein and 1 mM phenylmethylsulfonyl fluoride was added before storage. All DO protein samples were stored at 4°C <2 wk before use. S2 cells also were stably transfected to express only sDO-Fc, as described below. For some experiments (Octet experiments below), we added a unique biotinylation site at the C-terminal end of either the sDMα chain or the szDOvβ chain. Specifically, by PCR, an AviTag sequence (Avidity) was added to the C terminus of the sDMα or the szDOvβ chain (see Fig. S1A ) using a short linker: GGSGGSGLNDIFEAQKIEWHE (linker residues are underlined). Biotin protein ligase (Avidity) was used to site-specifically biotinylate proteins, according to the protocol of the manufacturer (then referred to as bio-sDM or bio-szDO).
Protein Purification. Recombinant soluble DM expression and purification was performed as described (1) . For recombinant soluble DO variants and soluble DO/DM (szDO/sDM) complex purifications, collected supernatants were extensively dialyzed in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl [Tris-buffered saline (TBS)] buffer and then applied to an anti-FLAG immunoaffinity column, preequilibrated with TBS buffer. The column was washed with 20-30 column volumes of TBS buffer, and the protein was subsequently eluted with 5 column volumes of 100 μg/mL FLAG peptide in TBS buffer. All fractions containing DO protein were collected and concentrated by Amicon Ultra (Millipore). Concentrated protein solution was dialyzed in 50 mM sodium citrate buffer (pH 5.0), 150 mM NaCl, 20% glycerol to remove aggregated proteins. Soluble fractions were concentrated by Amicon and then purified (flow rate of 0.5 mL/min) by Superdex 200 size-exclusion column (SEC) (GE Healthcare), preequilibrated with 50 mM sodium phosphate (pH 7.0), 150 mM NaCl. Fractions with a λ max at 280 nm were pooled, and the presence of DOαβ chains was confirmed by SDS/PAGE and Coomassie stain. All DO protein samples were stored at 4°C <2 wk before use. After separation of szDOv subunits on SDS/ PAGE and transfer to PVDF, N-terminal sequence analysis was performed (Stanford Protein and Nucleic Acid Facility).
In an alternative approach, the extracellular portions of DO were fused to human IgG 1 Fc domains and expressed with Histagged sDM in S2 cells (2) . sDO-Fc/sDM was purified using Ni-nitrilotriacetic acid-agarose (Ni-NTA-agarose) (Qiagen) and protein-A-Sepharose. sDO-Fc/sDM was proteolyzed with papain-agarose (Sigma-Aldrich), which cleaves the linker between DO and the IgG domains. The IgG domains were removed with protein-A-Sepharose generating sDO/sDM. Complex integrity was ensured by SEC shortly before use. The inhibition of sDMmediated catalysis of peptide binding to sDR1 by sDO/sDM was indistinguishable before and after cleavage (Fig. S1H) . N-terminal sequence analysis (Molecular Biology Core Facility, Dana Farber Cancer Institute, Boston, MA), performed on sDO/sDM both before and after papain digestion, confirmed equimolar amounts of the four subunits (DOα, DOβ, DMα, and DMβ). When expressed alone, the sDO-Fc protein was purified with protein-A-Sepharose and SEC.
For preparation of recombinant class I MHC used as a control in some experiments, the extracellular domain of HLA-A*0201 heavy chain with a C-terminal cysteine introduced at position 282 and full-length human β2-microglobulin light chain were expressed separately as inclusion bodies in Escherichia coli and were folded in vitro in the presence of the tight-binding peptide MVA090 (KLTFLVEV) as described (3) .
For Western blots, precipitates were resolved by SDS/PAGE and transferred to Immobilon PVDF membranes (Millipore). The following antibodies were used for immunoprecipitation and/or as primary antibodies for Western blot detection: antiHis (DOα), anti-FLAG (DOβ, sDMα), anti-KT3 (sDMβ), 5C1 (DMα; ref. 4), Mags.DO5 (conformation sensitive DO; ref. 5) , and polyclonal rabbit anti-DOα antiserum (GTX114470; GeneTex). Binding of primary antibodies to the membrane was detected by horseradish peroxidase-conjugated secondary antibodies followed by Western Lightning enhanced chemiluminescence (ECL) substrates (Perkin-Elmer Life Sciences) and exposure to Hyperfilm ECL (Amersham Biosciences).
PNGase F treatment to remove N-glycans was performed according to the protocol of the manufacturer (Sigma-Aldrich). Purified sDMwt, which has a natural free cysteine at DMβC46, single-cysteine szDOv mutants, and MHC class I in 50 mM sodium phosphate buffer (pH 7.4), 150 mM NaCl were treated with 5-10 mM DTT for 1 h at room temperature (RT) to reduce oxidized free cysteines. Excess DTT was removed by SEC (Zeba desalt spin column; Thermo Scientific). DTT-treated sDM and szDOv were labeled for 2 h at RT in the dark with 10-fold excess of maleimide-Cy5 and maleimide-Cy3 (GE Healthcare), respectively. Unreacted fluorophores were removed by SEC (Zeba desalt spin column, Thermo Scientific) followed by buffer exchange on Amicon Ultra-15 with a cutoff of 30 kDa (Millipore). The degree of labeling of sDM and szDOv mutants was calculated by measuring absorbance at 280 (proteins), 555 (Cy3), and 650 (Cy5) nm.
In Vitro FRET Measurements. szDOv mutant-Cy3 and sDM-Cy5 were used for steady-state FRET experiments as a donor/acceptor pair (R 0 = 53 Å). szDOv mutant-Cy3 (100-300 nM) in 50 nM sodium phosphate buffer (pH 7), 150 mM NaCl was titrated with sDM-Cy5 [up to 2× (αA62C-Cy3) or 10× (others) concentrations] in the same buffer. Steady-state emission spectra were acquired at 25°C, in 96-well black plates, using a Gemini XS fluorescent microplate reader (Molecular Devices) with excitation at 500 nm and a 550-nm emission long-pass filter. Donors (szDOv mutant-Cy3) and an acceptor (sDM-Cy5) displayed emission maxima at 570 and 670 nm, respectively. Under the same conditions, buffer (no szDOv-Cy3) was also titrated with sDM-Cy5, and each buffer emission spectrum was subtracted from the corresponding fluorescence emission spectrum. An irrelevant protein labeled with Cy-5 (MHC I-Cy5) was also titrated up to 10× . FRET efficiency (E) was obtained by measuring fluorescence emission intensities of the donor with acceptor (Q da ) and without acceptor (Q d ): Protein/Protein Binding Measured by Octet. In the Octet QK biosensor (Fortebio), binding of analyte in solution to a sensorimmobilized ligand changes the interference pattern of white light reflected from the sensor surface relative to a reference surface and is measured as wavelength shift (nm). Assays were performed at 25°C in 96-well black plates (E&K Scientific) under orbital shaking conditions (1000 rpm). Streptavidin (SA)-coated biosensor tips (Fortebio) were hydrated in Fortebio kinetics buffer (FBK) [PBS, 0.1 mg/mL BSA, 0.002% Tween 20 (pH 7.2); Fortebio] for 30-60 min before use. The SA-biosensor was incubated for 900 s with either 1.6 μg/mL bio-szDOv (site-specific biotinylated protein as described under Cloning above) or 1.3 μg/ mL bio-sDM (∼24 nM each) in FBK, briefly incubated in FBK alone, and then incubated with 0-1000 nM of wt or mutant sDM (or szDOv) to measure association, followed by incubation in FBK to measure dissociation. Assays were repeated three to four times. Immobilization of bio-sDM followed by measurement of association and dissociation of szDOv was performed similarly. Data were analyzed using Origin software. The nanometer shift was plotted vs. time and fit to a single exponential association curve:
, where Y 0 represents wavelength shift at 0 s, A represents maximum wavelength shift (time-dependent), t represents time, and k obs represents observed firstorder rate constant. Maximum nanometer shift is determined by summing Y 0 and A. Maximum nanometer shift at each analyte concentration was plotted and fit to one-site binding model:
, where S represents wavelength shift at equilibrium, and Max* represents maximum wavelength shift.
FP Peptide Association Assay. Ac-PRFVKQNTLRLAT, the influenza hemagglutinin 307-319 analog peptide, was labeled on the sole free amino group (Lys) with Alexa-488 carboxylic acid, 2,3,5,6-tetrafluorophenyl ester: Alexa-488-HA. The labeled product was isolated by reverse-phase chromatography and verified by mass spectrometry. Polarization values for each experimental well were determined using a fluorescence plate reader (λ ex = 485 nm; λ em = 520 nm; Polarstar Optima; BMG Labtech) and expressed as millipolarization (mP). Free Alexa-488-HA peptide displays a low polarization (70 mP), whereas peptide bound to sDR1 has higher polarization (350 mP). sDO/ sDM incubated with peptide without sDR1 showed no significant change in FP signal over time.
Modeling of DO Structure. DO structure was simulated using the alignment mode of SWISS-MODEL (6) with the sDR1 crystal structure as a template. The DO model structure was visualized by using WebLab Viewer Lite V3.7 (Molecular Simulations). (B) DOαβ dimerization in the presence or absence of zipper sequences. szDOv and sDOv proteins (both with αP11A mutation) were expressed in insect cells and immunoprecipitated using anti-His tag antibody. sDOv protein is derived from an independent construct, described in SI Materials and Methods, not by cleavage of zipper from szDOv. Precipitates were analyzed by SDS/PAGE, followed by anti-His (DOα) and anti-FLAG (DOβ) immunoblots (Upper), which show that sDOv does not form a stable DOαβ dimer. Reblotting with anti-FLAG followed by secondary antibody (goat anti-mouse IgG1-HRP) shows both anti-His (DOα) and anti-FLAG (DOβ) bands, because goat anti-mouse IgG1-HRP recognizes both primary antibodies. Elution profile of szDOv during anti-FLAG column purification (Lower). The same volume of each fraction was loaded on a 12% SDS/PAGE gel in the presence of β-mercaptoethanol and stained by Coomassie blue. M indicates marker lane and numbers are eluted fractions. (C) Size exclusion chromatography (SEC) profile of szDOv at pH 5 and corresponding SDS/PAGE (Inset). Anti-FLAG-purified szDOv was con- buffer (pH 5), 150 mM NaCl, 0.01% (vol/vol) Tween 20, 0.02% (wt/vol) NaN 3 (blue), or PBS (pH 7.4) (green). SEC was performed in PBS 0.02% NaN 3 . Black arrows indicate the elution volumes of the standard molecular marker proteins under the same conditions, the sDO/sDM complex (91 kDa) and free DO (44 kDa) and DM (47 kDa). (G) SEC profile of preformed DO/DM complex after initial purification (pink) and following 6 mo of storage at 4°C (blue). Both protein storage and the SEC were performed in PBS 0.02% NaN 3 . Black arrows indicate the elution volumes of the standard molecular marker proteins under the same conditions, the DO/DM complex (91 kDa) and free DO (44 kDa) and DM (47 kDa). (H) Inhibition of DM-mediated peptide loading by sDO-Fc and the sDO/sDM complex. As indicated, reactions contain 0.4 μM sDR1, 0.4 μM sDM, 0.8 μM, 1.6 μM sDO-Fc, 0.4 μM sDO/sDM complex, or 0.4 μM sDO-Fc/sDM complex in 20 mM citrate (pH 5), 150 mM NaCl, 0.01% (vol/vol) Tween 20, 0.02% (wt/vol) NaN 3 . *sDM isolated by SEC following dissociation from the sDO-Fc/sDM complex to free sDO-Fc and sDM. Following the addition of 80 nM Alexa-488-HA peptide, FP was measured over time at 37°C. Initial rates were determined from linear fits to early portions of FP change against time plots, and the changes in initial rate relative to peptide-only controls are plotted. Data are expressed relative to the initial rate of peptide loading in the presence of sDR1 and sDM. The average of duplicates and SD are shown. Data are representative of two experiments with similar results. (I) Apparent molecular weights of szDOv, szDOvαT128N and szDOvαS81A mutants. szDOv, szDOvαS81A, and szDOvαT128N were immunoprecipitated using anti-His antibody and analyzed by SDS/PAGE and Western blot. DOα-and β-chains were detected by anti-His and anti-FLAG antibodies, respectively, and DMα-and β-chains by anti-FLAG and anti-KT3 antibodies, respectively, all followed by goat anti-mouse IgG 1 -HRP. Asterisks indicate bands from antibodies used for immunoprecipitation. S2 indicates untransfected S2 cells. (J) SEC profile of szDOvαS81A. The majority of the szDOvαS81A protein is highly aggregated and the peak including the purified monomeric form of the mutant DO (fractions 13 and 14) contains substantial impurities, arguing that an essential role of the glycan may be to prevent aggregation. Fig. S2 . szDOv inhibition assay using Cy3-labeled szDOv mutants. (A) szDOv inhibition assay with Cy3-labeled szDOv mutants (conditions as in Fig. 1A ). Data are expressed as normalized fold changes, with enhancement of peptide loading in the presence of sDM alone normalized to 1. (B) FRET experiments using an irrelevant control protein (MHC I-Cy5) and sDM-Cy3, szDOvβS63C-Cy3, szDOvαR80C-Cy3, or szDOvαE131C-Cy3. Using the same conditions as in Fig. 2C , MHCI-Cy5 was titrated up to 10× excess (red). (C) sDMβR110S and szDO/sDM complex are incapable of peptide loading at pH 5. sDR4-CLIP (25 nM) was incubated with HAbiotin peptide (10 μM) in the presence or absence of sDM (50 to ∼400 nM). The reaction was incubated at pH 5 for 2 h at 37°C. Peptide binding was measured by capture ELISA. Purified proteins were in PBS buffer, and to account for the dilution effect of PBS buffer, the same volumes of PBS buffer were added to "no sDM" wells. Representative data, from one of two experiments with similar results, are shown. (D) Western blots of purified soluble recombinant wt DM, sDMβR110S (which has an aberrant glycan at sDMβN108), and sDMβE177N,I179T (which has an aberrant glycan at sDMβ177). Each purified protein was loaded in two lanes at different concentrations (∼15 and ∼50 pmol). sDMβ chains were immunoblotted by anti-KT3 antibody (KT3 epitope tags at C termini), followed by goat anti-mouse IgG1-HRP. 
